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SUMMARY

Although neutralizing monoclonal antibodies (mAbs) against epitopes within the alphavirus E2 protein can
protect against infection, the functional significance of non-neutralizing mAbs is poorly understood. Here,
we evaluate the activity of 13 non-neutralizing mAbs against Mayaro virus (MAYV), an emerging arthritogenic
alphavirus. These mAbs bind to the MAYV virion and surface of infected cells but fail to neutralize infection in
cell culture. Mapping studies identify six mAb binding groups that localize to discrete epitopes within or adjacent to the A domain of the E2 glycoprotein. Remarkably, passive transfer of non-neutralizing mAbs protects
against MAYV infection and disease in mice, and their efficacy requires Fc effector functions. Monocytes
mediate the protection of non-neutralizing mAbs in vivo, as Fcg-receptor-expressing myeloid cells facilitate
the binding, uptake, and clearance of MAYV without antibody-dependent enhancement of infection. Humoral
protection against alphaviruses likely reflects contributions from non-neutralizing antibodies through Fcdependent mechanisms that accelerate viral clearance.
INTRODUCTION
Alphaviruses are mosquito-transmitted, positive-sense RNA
viruses in the Togaviridae family and are classified into groups
based on genetic relatedness and disease potential. Encephalitic alphaviruses, including Eastern, Western, and Venezuelan equine encephalitic viruses (EEEV, WEEV, and VEEV,
respectively), infect neuronal cells, which can lead to encephalitis and death. Arthritogenic alphaviruses, including chikungunya (CHIKV), Ross River (RRV), O’nyong-nyong (ONNV),
and Mayaro (MAYV) viruses, infect joint-associated tissues
and cause acute and chronic musculoskeletal disease.
MAYV was described in 1954 in Trinidad (Causey and Maroja,
1957) and circulates in the Caribbean Islands and South America (Azevedo et al., 2009; Causey and Maroja, 1957; Pinheiro
et al., 1981). MAYV infection causes an acute febrile illness
that can progress to acute and chronic arthritis, much like
CHIKV (Halsey et al., 2013). Due to serum cross-reactivity
and overlapping epidemiology with CHIKV, MAYV infections
may be more prevalent than previously appreciated (Hozé
et al., 2020). Currently, no treatments are approved for any alphavirus infection.
The alphavirus virion is comprised of a single 11.4-kb RNA
genome encapsidated in a nucleocapsid core and surrounded

by a host-derived membrane. The genome encodes for four
non-structural proteins, namely, nsP1–4, which mediate viral
translation, viral replication, and host subversion and evasion
(Rupp et al., 2015); and six structural proteins, namely, capsid,
E3, E2, 6K, transframe (TF), and E1. The viral glycoproteins are
cleaved from a structural polyprotein precursor and form the
heterodimer p62(E3-E2)-E1. p62 is cleaved by furin proteases
in the trans-Golgi network (Heidner et al., 1996), and the mature
E2 and E1 proteins transit to the surface of the cell where they
may still associate with E3 (Uchime et al., 2013; Yap et al.,
2017). Virion morphogenesis occurs at the plasma membrane,
and the mature virion displays trimers of E2-E1 heterodimers
assembled into higher order spikes. The virus is released into
the extracellular space by budding (Carleton et al., 1997).
Because E1 and E2 proteins are exposed on virions and the
surface of infected cells, they are the targets of the host antibody response.
Antibody-mediated protection from alphavirus infection
occurs through several mechanisms, including neutralization
by inhibiting virus attachment, entry, fusion, and/or egress
from host cells (Earnest et al., 2019; Fox et al., 2015; Jin and Simmons, 2019). Indeed, neutralizing monoclonal antibodies (mAbs)
that bind the B domain of MAYV E2 prevent virus-cell membrane
fusion or viral egress (Earnest et al., 2019). The efficacy of
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anti-alphavirus neutralizing antibodies in vivo also is modulated
by Fc effector functions (Earnest et al., 2019; Fox et al., 2019).
Antibodies that bind to viral proteins on the surface of infected
cells may facilitate complement deposition and/or innate immune cell targeting (Bournazos et al., 2015; Lu et al., 2018).
Little is known about the functional significance of nonneutralizing antibodies in the context of infection and immunity
of alphaviruses or other families of enveloped viruses. Here,
we isolated a panel of murine mAbs against the MAYV E2 protein
of the IgG2c subclass with no measurable neutralizing activity
in vitro. These mAbs bound virions in a capture ELISA and mapped to six distinct epitopes within or proximal to the A domain of
the E2 of MAYV. Remarkably, the majority of non-neutralizing
mAbs conferred protection against arthritis in immunocompetent mice and prevented lethal challenge in immunodeficient
mice. Protection in vivo was immunoglobulin G (IgG) subclass
and Fcg receptor (FcgR) dependent and required the presence
of monocytes. Mechanism of action studies showed that nonneutralizing mAbs can enhance the binding, uptake, and clearance of MAYV on FcgR-expressing myeloid cells. Our results
indicate that direct neutralization is not required for antibodymediated protection, as Fc effector functions and monocytes
can promote antibody-dependent control of alphavirus infection.
RESULTS
Isolation of non-neutralizing anti-MAYV mAbs
C57BL/6J mice were inoculated with the MAYV strain CH and
boosted twice with recombinant MAYV E2 ectodomain protein
(amino acids 1–340) in Freund’s incomplete adjuvant. Three
days after the second booster immunization, we performed a
splenocyte-myeloma fusion to generate hybridomas (Earnest
et al., 2019; Pal et al., 2013). We isolated 114 mAbs that bound
to the MAYV E2 protein by ELISA. To identify mAbs that more
broadly recognized MAYV, we also assessed binding to Vero
cells infected with the heterologous MAYV strain BeH407 (96%
amino acid identity in E2-E1) by flow cytometry. We successfully
cloned 73 hybridomas with these features. Because previous
studies demonstrated that IgG2a/c isotypes exhibited superior
protective activity against alphaviruses (Earnest et al., 2019;
Pal et al., 2013), we isotyped the clones and selected 13 IgG2c
mAbs for further characterization.
The 13 mAbs were purified and evaluated for neutralizing activity by using focus reduction neutralization tests (FRNTs) in
Vero and C2C12 myoblast cells. Serial dilutions of mAb were
mixed with 102 focus-forming units (FFUs) of MAYV-BeH407
before incubation with the two target cells. In contrast to a previously described neutralizing mAb (MAY-117; Earnest et al.,
2019), none of the 13 mAbs showed measurable inhibitory
activity in either Vero or C2C12 cells even at concentrations of
50 mg/ml (Figures 1A and 1B).
We next evaluated these mAbs for binding to MAYV virions
(Figure 1C) and recombinant E2 protein (Figure 1D). Halfmaximal binding (EC50) to virions was measured by ELISA after
MAYV was captured with an anti-MAYV mAb containing a human Fc region. A neutralizing anti-MAYV E2 B domain mAb
(MAY-117) (Earnest et al., 2019) was used for comparison. All
13 mAbs bound to intact virions with EC50 values ranging from
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4 to 379 ng/ml, with 9 of 13 having EC50 values less than
100 ng/ml (Table 1). The EC50 values, however, were 10-fold
higher than those for MAY-117 (0.5 ng/ml). The maximal binding
values (Bmax) generally were consistent among the mAbs, with
the majority showing optical density (OD) values between 1.7
and 2.8. However, MAY-39 and MAY-112 had maximal OD
values of <1, which suggests that fewer mAbs can bind the virus
at saturation (Table 1; Figure S1A). ELISA-based competition
binding studies for MAYV virions revealed six distinct groups
(Figure 1E). The majority of anti-MAYV mAbs also bound the recombinant E2 protein in an ELISA, although the EC50 values
generally were higher than that observed for virion binding, suggesting less avid binding to recombinant protein than intact virions (Table 1). Furthermore, MAY-39 and MAY-112 did not
bind appreciably to solid phase recombinant E2 protein by
ELISA. The disparities in binding to recombinant protein versus
intact virion may reflect differences in epitope presentation or
engagement of a quaternary epitope between or across E2 proteins within a spike, which is present exclusively on the virion, as
seen with anti-CHIKV (Fox et al., 2015) and anti-RRV (Powell
et al., 2020) mAbs. As all of the non-neutralizing mAbs bound
E2 after western blotting when we used both non-reducing and
reducing conditions, they likely do not recognize conformational
epitopes (Figure S1B). To acquire more quantitative data, we
measured monovalent binding affinities to the MAYV E2 protein
by biolayer interferometry (BLI) (Table 1; Figure S1C). The
measured kinetic binding constant (KD) rate for the mAbs varied
by more than 100-fold from 4 to 548 nM, with the affinity of binding correlating inversely with the half-life (t1/2). MAY-10, MAY108, MAY-8, and MAY-23 showed the highest affinities with KD
values of <19 nM and t1/2 values over 130 s. MAY-60, MAY-68,
and MAY-112 showed no appreciable binding.
Epitope mapping of anti-MAYV mAbs
Although our ELISA, BLI, and western blotting data establish that
the non-neutralizing mAbs recognize the MAYV E2 glycoprotein,
we observed no binding to the recombinant E2 B domain (J.T.E.
and M.S.D., unpublished data). To test whether the mAbs bound
to regions in the A domain, we performed alanine scanning mutagenesis in the context of expression of the structural polyprotein
(C-E3-E2-6K-E1). Based on the CHIKV pE2-E1 structure (PDB:
3N42), we introduced alanine substitutions in predicted solvent-exposed amino acids of the A domain and the b-ribbon
arch connecting the A and B domains (residues 1–172) of the
MAYV E2 protein. When an alanine was present in the viral
sequence, we substituted a serine residue. 293T cells were
transfected with wild-type (WT) or individual mutant plasmids,
and mAb binding was measured by flow cytometry. An oligoclonal pool of the 13 mAbs as well as MAY-117, an anti-E2 B domain
mAb, was used to control for mutant protein expression. Key
interaction residues were defined when mAb binding to a given
mutant was %25% after normalization of binding to cells expressing the WT plasmid (Table S1). The 13 mAbs mapped to
6 different sites within or near the A domain (Figure 2A), which
correlated with the following competition groups (Figure 1E):
group A, residues 27–29 (Figure S2A); group B, residues 57–61
(Figure S2B); group C, residues 72–77 (Figure S2C); group D,
residues 81–86 (Figure S2D); group E, residues 159–163
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Figure 1. Binding of non-neutralizing antiMAYV mAbs to virions and recombinant E2
protein
(A and B) Anti-MAYV mAbs were tested for
neutralization of MAYV on Vero (A) and C2C12
myoblast (B) cells. Serial dilutions of the indicated
mAbs were incubated with 102 FFU of MAYVBeH407 and then added to the indicated cells. Viral
foci are plotted relative to a no mAb control. The
neutralizing mAb MAY-117 was used as a positive
control, and an irrelevant mIgG2c mAb was used
as a negative isotype control (mean and SD of two
experiments performed in triplicate).
(C and D) Binding to MAYV virions (C) or recombinant MAYV E2 protein (D) by ELISA. Virions were
captured with a humanized mAb to MAYV, and
recombinant MAYV E2 protein was bound directly
to microtiter plates. Bound murine mAbs were
detected with an horseradish peroxidase (HRP)conjugated secondary antibody. Data are expressed as OD values relative to the 10-mg/ml
sample (mean and SD of two experiments performed in triplicate).
(E) MAYV mAbs were competed for binding to
MAYV (strain BeH407) by ELISA. Virus was
captured on plates using a humanized anti-MAYV
mAb. Captured virion was incubated with 10 mg/ml
of the indicated mAb (first antibody). Antibody-virus complexes were incubated with 10 ng/ml of the
indicated mAb labeled with biotin (second antibody). Binding was detected using streptavidin
HRP and is indicated by color from high (red) to low
(blue). Data are presented relative to a control with
no first antibody and are representative of two
experiments.

adjacent regions near the top of the spike
complex (Figures 2B and 2C). As nonneutralizing anti-MAYV mAbs recognize
denatured forms of E2 (Figure S1B) and
their mapping residues cluster together,
these antibodies likely preferentially
engage linear peptide epitopes.

(Figure S2E); and group F, residues 168–173 (Figure S2F). Group
D mAbs, which had the largest number in our panel, map to an
epitope facing the inside of the E2-E1 trimer (Figures 2B and
2C); mutation of these residues resulted in loss of binding of
MAY-27, MAY-39, MAY-41, MAY-68, and MAY-112. Two mAb
groups map to sites adjacent to the A domain in the b-ribbon
arch connecting the A and B domains of E2 (159–163, group E,
MAY-102 and MAY-108; and 168–173, group F, MAY-72).
MAY-23, the lone member of group A, localizes to a b strand
adjacent to the N-terminal linker on the outer face of the E2-E1
trimeric complex (Figure 2C). The group B (MAY-8 and MAY10) and C (MAY-1 and MAY-60) mAbs map to two structurally

Protection against lethal MAYV
challenge by mAbs
We tested the 13 non-neutralizing mAbs
in a lethal MAYV challenge model in
4-week-old female C57BL/6J mice.
Because MAYV does not cause mortality in immunocompetent
mice, we treated animals with 100 mg of an anti-Ifnar1 mAb
(MAR-5A3; Sheehan et al., 2006) to transiently immunosuppress
them. Mice given anti-Ifnar1 mAb succumbed to subcutaneous
inoculation of 103 FFU of MAYV-BeH407 between 3 and
5 days post-infection (dpi) (Figure 3). To assess for protection
as prophylaxis in this model, mice were treated with a single
100-mg (5 mg/kg) dose of individual anti-MAYV mAbs 1 day
before virus inoculation. We observed a range of protective activity of the mAbs, as follows: MAY-10 and MAY-108 conferred
100% protection (Figure 3A); MAY-23, MAY-8, and MAY-102
protected R50% of mice from lethality; and MAY-1, MAY-39,
Cell Reports 35, 108962, April 6, 2021 3
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Table 1. Binding affinities of anti-MAYV mAbs to virions and
recombinant E2 protein
EC50, E2
(ng/ml)

Bmax
virion KD (kinetic)
(OD) (nM)
t1/2 (s)

117
0.4 (0.3–0.5)
(Earnest
et al., 2019)

0.4 (0.3–0.5)

2.84

10

12 (8–17)

302 (274–334) 1.66

14.0

231.8

108

10 (5–23)

82 (72–95)

4.1

213.9

mAb

EC50, virion
(ng/ml)

2.65

9.2

264.1

8

5 (3–7)

195 (157–242) 1.22

16.6

136.3

23

21 (14–31)

41 (36–45)

18.4

142.6

102

83 (61–113)

461 (406–523) 2.06

211.3

61.5

60

45 (28–75)

84 (77–92)

1.90

ND

ND

1

4 (2–6)

5 (4–6)

2.79

160.0

14.1

41

25 (19–33)

863 (773–997) 1.99

47.3

92.5

27

56 (41–75)

344 (317–374) 1.72

110.5

12.6

39

332 (238–463) >1,000

68

100 (71–138)

72

134 (79–225)

112

379 (230–637) >1,000

2.04

0.80

547.6

74.5

383 (333–440) 2.00

ND

ND

33 (16–68)

2.04

165.6

14.9

0.88

ND

ND

Anti-MAYV mAbs were measured for binding to intact MAYV virions by
capture ELISA and recombinant MAYV E2 protein by ELISA and BLI.
Effective concentration of 50% binding (EC50) was calculated from the
OD values with serial dilutions of the indicated mAb. Bmax was measured
as the highest OD value observed in the virion capture ELISA. BLI was
performed by binding biotinylated mAbs to streptavidin-coated pins
and flowing over recombinant E2 protein. The equilibrium binding constant (KD) and half-life (t1/2) of antibody binding were measured. The previously characterized (Earnest et al., 2019) positive-control MAY-117
mAb is listed first for comparison, and subsequently, mAbs are arranged
from most to least protective. MAY-10, MAY-108, MAY-8, MAY-23, and
MAY-102 mAbs had R50% protection in the lethal challenge model. Data
are the mean of two independent experiments, and 95% confidence intervals are in parentheses. ND, not determined due to poor binding.

MAY-60, MAY-68, MAY-72, and MAY-112 exhibited less protective activity (30%–40%) (Figure 3B). MAY-27 and MAY-41 had no
significant protective activity. Notably, the in vivo activity of the
non-neutralizing antibodies generally correlated with binding affinity, with the most protective mAbs having lower KD and higher
t1/2 values (Table 1). Moreover, the most protective mAbs map to
one of two epitopes, as follows: group B mAbs localize to an
epitope at the top of the spike trimer (MAY-10 and MAY-8; Figures 2B and 2C), and group E mAbs engage an epitope in the
linker region between the A and B domains on the side of the
spike trimer (MAY-23, MAY-102, and MAY-108; Figures 2B
and 2C). These results suggest both binding affinity and epitope
location facilitate optimal protection by non-neutralizing mAbs.
We previously described a protective neutralizing anti-MAYV
mAb (MAY-134) that maps to the B domain of E2 (Earnest
et al., 2019). Because MAY-134 is protective and does not
compete for binding with either MAY-10 or MAY-108 (Figure S3),
we tested whether combinations of neutralizing (MAY-134) and
non-neutralizing (MAY-10 or MAY-108) mAbs could enhance
therapeutic efficacy in our lethal challenge mouse model. We
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administered 200 mg (10 mg/kg) of either MAY-10 (Figure 3C),
MAY-108 (Figure 3D), or MAY-134 (Figures 3C and 3D) or
100 mg each of MAY-10 or MAY-108 and MAY-134 2 days after
mice were inoculated with 103 FFU of MAYV-BeH407. Although
we observed no statistically significant protection from lethal
challenge in mice treated with any single mAb, combination therapy with MAY-10 and MAY-134 or MAY-108 and MAY-134 protected 60% and 50% of mice, respectively (Figures 3C and 3D).
Thus, non-neutralizing A domain and neutralizing B domain
mAbs together provide greater protection as post-exposure
therapy than either mAb alone.
Antibody protection in vivo requires Fc effector
functions
We hypothesized that protection by non-neutralizing mAb might
require Fc effector functions. To test this idea, we repeated passive transfer experiments in anti-Ifnar1-mAb-treated C57BL/6J
mice lacking the common signaling gamma (g) chain and expression of activating FcgR (FcgR/). These mice were treated with
a single 100-mg dose of MAY-10 or MAY-108 1 day prior to subcutaneous inoculation with MAYV-BeH407. Remarkably, both
isotype control and anti-MAYV (MAY-10 or MAY-108)-treated
FcgR/ mice uniformly succumbed by 4 dpi (Figure 4A), which
contrasts with results seen in congenic WT C57BL/6J mice
(Figure 3A).
To corroborate the role of Fc effector function in the protective
activity of non-neutralizing anti-MAYV mAbs, we engineered isotype-switched versions of MAY-10 and MAY-108. Murine IgG2c
(mIgG2c) antibodies bind mouse Fc gamma receptor (FcgR)I
and FcgRIV with high and moderate affinity, whereas murine
IgG1 (mIgG1) binds less avidly to these receptors (Mancardi
et al., 2008). Furthermore, human IgG1 (hIgG1) binds strongly
to these murine FcgRs in a manner similar to mIgG2c (Dekkers
et al., 2017; Earnest et al., 2019). We cloned the variable regions
of MAY-10 and MAY-108 into antibody expression constructs
with Fc regions of mIgG1 or hIgG1. Additionally, we introduced
an N297Q mutation in the Fc region of the hIgG1 construct to remove an N-linked glycan that is necessary for Fc-FcgR interactions (Tao and Morrison, 1989).
We first tested whether the isotype-switched MAY-10 and
MAY-108 had different binding patterns to recombinant murine
FcgRs (I, III, and IV) by ELISA. As expected, mIgG1 mAbs
showed less binding to all of the tested FcgRs (Figure 4B).
hIgG1 mAbs showed slightly lower binding, but it was more
similar to mIgG2c than mIgG1. The N297Q variant lost 90%
of binding activity compared to mIgG2c. We confirmed that
the isotype-switched MAY-10 and MAY-108 mAbs bound
MAYV virions similarly (Figures 4C and 4E), and thus, altering
Fc interactions did not affect antibody-antigen binding. We
administered a single 100-mg dose of the isotype-switched
mAbs to anti-Ifnar1-mAb-treated WT C57BL/6J mice 1 day
before subcutaneous inoculation of MAYV. As expected,
mIgG2c MAY-10 and MAY-108 protected mice from lethal
challenge. Similarly, hIgG1 mAbs protected 90% (MAY-10)
and 100% (MAY-108) of mice from mortality. In contrast, the
mIgG1 and aglycosyl hIgG1-N297Q forms of MAY-10 and
MAY-108 lost activity (Figures 4D and 4F). Collectively, these
experiments establish that protection against lethal challenge
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Figure 2. Mapping of mAbs to MAYV E2 protein
(A) Heatmap of relative binding of anti-MAYV mAbs to MAYV-E2 A domain mutants. 293T cells were transfected with a C-E3-E2-6K-E1 plasmid containing alanine
mutations in the A domain of E2. Binding of the indicated mAbs were measured by flow cytometry; the full dataset is shown in Table S1 and Figure S2. Relative
binding compared to an oligoclonal control is indicated by color from high (red) to low (blue).
(B and C) Residues required for mAb engagement are depicted as balls and sticks on a ribbon diagram of the predicted structure of MAYV E2-E1 monomer
generated using Phyre2 (B) and are highlighted on the monomers arranged as a trimeric spike (C). The E1 and E2 glycoproteins are light and dark gray,
respectively. Within E2, domain A is cyan, the b-ribbon is dark cyan. In the surface representation (C), the A domain and b-ribbon regions are outlined in red and
yellow, respectively. Competition groups are color coded as follows: group A, dark pink (residues 27–29); group B, orange (57–61); group C, blue (72–77); group D,
dark green (81–86); group E, lavender (159–163); group F, light green (168–173); and the anti-B domain control mAb MAY-117, bright yellow (181–186). See also
Table S1 and Figure S2.

by non-neutralizing anti-MAYV mAbs requires Fc-effectorfunction-dependent activity.
Protection against MAYV-induced musculoskeletal
disease by mAbs
We assessed the activity of our two most protective non-neutralizing mAbs in a more physiologically relevant model of MAYVinduced disease. Subcutaneous inoculation of MAYV in the
foot of immunocompetent C57BL/6J mice results in joint
swelling and musculoskeletal disease (Earnest et al., 2019). Viral
infection is first observed in the ipsilateral foot, ankle, and calf
muscle before disseminating to the contralateral extremity. Similarly, foot swelling occurs first in the ipsilateral ankle and later in
the contralateral ankle (Earnest et al., 2019). We treated C57BL6/
J mice with a single 100-mg dose of MAY-10, MAY-108, or an isotype control mAb before subcutaneous inoculation of MAYV in
the foot. At 1 and 7 dpi, animals were euthanized and perfused
extensively with PBS. The ipsilateral ankle and calf muscle,
contralateral ankle and calf muscle, and spleen were harvested,
and viral RNA levels were measured using quantitative reversetranscriptase PCR (qRT-PCR) with probes targeting the 50 untranslated region of MAYV (Waggoner et al., 2018). At 1 dpi,
we observed a >1,000-fold reduction in MAVY RNA in the ipsilateral ankles of both MAY-10- and MAY-108-treated mice
compared to the isotype control mAb (Figure 5A). Moreover,
we observed dissemination of MAYV to the ipsilateral calf mus-

cle, the contralateral leg, and the spleen in isotype mAb treated
mice, but there was no detectable viral RNA in mice treated with
the non-neutralizing mAbs MAY-10 or MAY-108 (Figures 5B–5E).
Remarkably, at 7 dpi, MAY-10- and MAY-108-treated mice had
cleared viral RNA levels from the ipsilateral foot, mice showed no
infection of the contralateral extremity, and only one animal had
detectable viral RNA in the spleen (Figures 5F–5J).
We next tested whether antibody effector functions were
required to limit viral infection and control musculoskeletal disease in immunocompetent mice by treating WT C57BL/6J
mice with MAY-10-hIgG1 or aglycosyl MAY-10-hIgG1-N297Q
1 day before MAYV infection. At 7 dpi, the humanized version
of MAY-10 protected mice from virus infection (Figures 5K–5O)
to a similar extent as the parental mouse mAbs (Figures 5F–
5J), with decreases in all tissues measured when compared to
isotype control mAb. However, MAY-10-hIgG1-N297Q did not
provide virological protection in this model. We also observed
Fc-effector-function-dependent decreases in the inflammatory
cytokines (tumor necrosis factor a [TNF-a], CXCL1, CXCL9,
CXCL10, CCL3, CCL4, CCL5, and CSF1) in the ipsilateral ankles
of MAY-10-hIgG1-treated animals at 7 dpi (Figure S4). These
data indicate that the effector functions of non-neutralizing
mAbs are required for efficient viral clearance and reduction of
inflammation in joint-associated tissues of infected animals.
To determine if the mAbs protect against MAYV-mediated
musculoskeletal disease, we measured ankle swelling. We
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Figure 3. Antibody protection against lethal
MAYV challenge
Four-week-old C57BL/6J female mice were
treated with 100 mg of anti-Ifnar1 mAb 1 day before
subcutaneous inoculation of MAYV-BeH407.
(A and B) A single 100-mg dose of anti-MAYV mAbs
was administered by intraperitoneal injection 1 day
before virus inoculation. The mAbs exhibited a
range of activity with some showing >50% protection (A) and others <50% (B). Data are from two
experiments.
(C and D) Combination therapy of an anti-MAYV E2
B domain mAb (MAY-134) and anti-MAYV E2 A
domain mAbs. C57BL6/J mice were treated with
100 mg of anti-Ifnar1 mAb 1 day before subcutaneous virus inoculation. (C) Two days after
infection, mice were treated with 200 mg of MAY-10
or MAY-134 or 100 mg each of MAY-10 and MAY134. (D) Two days after infection, mice were
treated with 200 mg of MAY-108 or MAY-134 or
100 mg each of MAY-108 and MAY-134 (two experiments, n = 8; *p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001; log-rank test with Bonferroni
correction compared to isotype control mAb). See
also Figure S3.

observed substantial swelling in the ipsilateral ankle from 2–10
dpi (Figure 5K) and the contralateral ankle from 6–8 dpi (Figure 5L) in mice treated with an isotype control mAb, whereas animals treated with MAY-10 or MAY-108 showed no ankle
swelling. Antibody-mediated protection was Fc effector function
dependent, as MAY-10-hIgG1, but not MAY-10-hIgG1-N297Q,
limited swelling in this model (Figure 5R). Thus, even without
neutralizing activity, anti-MAYV mAbs can prevent dissemination, clear infection, and limit musculoskeletal disease in immunocompetent mice.
Myeloid-cell-dependent protection of non-neutralizing
mAbs
Because non-neutralizing mAbs control MAYV infection in an Fceffector-function-dependent manner, we hypothesized that
specific immune cells bearing FcgRs mediate this protection
(Bournazos et al., 2015; Lu et al., 2018). Previous studies have
shown that monocytes and natural killer (NK) cells mediate antibody-dependent antiviral protection in vivo by antibody-dependent cellular cytotoxicity (ADCC), antibody-dependent cellular
phagocytosis (ADCP), or antibody-dependent virus opsonization
(Lu et al., 2018). To determine the cell type responsible for
antibody-dependent protection against MAYV, we depleted
monocytes or NK cells with specific mAbs (anti-CCR2 and
anti-NK1.1, respectively) beginning 1 day before infection using
the anti-Ifnar1-mAb-treated immunocompromised lethal challenge mouse model. As expected, we observed complete protection against mortality in mice treated with MAY-10 or MAY108 in the absence of immune-cell-depleting antibody (Figures
6A and 6B). However, in the presence of anti-CCR2 mAb treatment and monocyte depletion (Figure S5A), MAY-10 and MAY108 protection decreased to 40% and 30%, respectively.
When similar depletion experiments were performed with antiNK1.1 mAb to deplete NK cells (Figure S5B), we saw no change
in protective activity in MAY-10 or MAY-108 (Figure 6B). These
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data suggest that CCR2+ monocytes are principally responsible
for the protection conferred by non-neutralizing anti-MAYV
mAbs.
We evaluated how monocytes might contribute to antibodymediated protection. To assess whether non-neutralizing antiMAYV mAbs promote opsonization of free virions and clearance
by monocytes, we performed in vitro binding assays in the folllowing two murine myeloid cell lines: microglial-derived BV2
cells (Figures 6C, 6D, 6G, and 6H) and bone-marrow-derived
monocytic LADMAC cells (Figures 6E, 6F, 6I, and 6J). Although
LADMAC cells are essentially non-permissive for MAYV infection
unless the Mxra8 receptor is ectopically expressed (Zhang et al.,
2018), BV2 cells can be infected at low levels because they express heparin sulfate (HS) as an attachment factor. To minimize
the effects of HS on MAYV binding and infection of BV2 cells,
we used BV2 cells lacking b-1,4-galactosyltransferase 7
(BV2-Db4galt7) (Ma et al., 2020), a key enzyme required for
glycosaminoglycan synthesis. Flow cytometry analysis showed
that BV2 cells express high levels of FcgRI, FcgRII, FcgRIII,
and FcgRIV on their surface, whereas LADMAC cells express
FcgRI, FcgRII, and FcgRIV and at lower levels (Figure S6).
We performed two sets of experiments, namely, an antibodydependent virus depletion assay from the supernatant (Figures
6C–6F) and cell binding/internalization assays (Figures 6G–6J).
For the virus depletion assay, 103 FFU of MAYV was pre-incubated with serial dilutions of the hIgG1 variant of MAY-10,
MAY-108, or isotype control mAb before being added to
BV2-Db4galt7 or LADMAC cells. After a 30-min incubation at
37 C, the supernatant containing unbound virus was collected,
and after virion lysis, viral RNA was measured by qRT-PCR. Viral
RNA levels were compared with a standard curve generated
from known quantities of infectious MAYV to determine viral
equivalents per ml. Notably, less viral RNA remained in the supernatant after treatment with MAY-10 (Figures 6C and 6E)
and MAY-108 (Figures 6D and 6F) than that with the isotype
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Figure 4. Protection by non-neutralizing mAbs is Fc dependent
(A) Four-week-old C57BL/6J FcgR/ male and female mice were administered 100 mg of MAY-10 or MAY-108 1 day before subcutaneous inoculation of MAYVBeH407 (two experiments, n = 6).
(B) Isotype-switched mAb binding to recombinant murine FcgRI, FcgRIII, and FcgRIV. MAY-10 or MAY-108 of the indicated isotype were added to plates coated
with FcgRs. Binding data: two-way ANOVA with Sidak’s post-test, compared to mIgG2c isotype mAb.
(C–F) MAY-10 (C) and MAY-108 (E) were isotype switched from murine IgG2c to murine IgG1, human IgG1, or human IgG1-N297Q. Each antibody variant was
tested for binding to captured MAYV by ELISA. For protection studies (D and F), 100 mg of the indicated mAb was administered to 4-week-old C57BL/6J mice
1 day before subcutaneous inoculation with MAYV (two experiments, n = 6; log-rank test with Bonferroni correction compared to isotype control mAb). *p < 0.05;
**p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 5. Antibodies clear MAYV, prevent viral dissemination, and protect against musculoskeletal disease
(A–J) Tissue titers of MAYV at 1 (A–E) or 7 (F–J) dpi. Four-week-old C57BL/6J mice treated with 100 mg of MAY-10, MAY-108, or an isotype control mAb 1 day
before subcutaneous inoculation with MAYV-BeH407. At the indicated days, the ipsilateral ankle (A and F), ipsilateral calf muscle (B and G), contralateral ankle
(C and H), contralateral calf muscle (D and I), and spleen (E and J) were harvested, and viral RNA was measured (two experiments; n = 6, one-way ANOVA with
Dunnett’s post-test).
(K–O) Tissue titers of mice treated with 100 mg of MAY-10-hIgG1 or MAY-hIgG1-N297Q 1 day before infection. MAYV titers in the ipsilateral ankle (K) and calf
muscle (L), the contralateral ankle (M) and calf muscle (N), and the spleen (O) were measured at 7 dpi (three experiments; n = 11, one-way ANOVA with Dunnett’s
post-test).
(P–R) Four-week-old C57BL/6J mice were treated with MAY-10 or MAY-108 and infected as described above. Ipsilateral (P) and contralateral (Q) ankle joints were
measured using digital calipers. (R) Ipsilateral ankle swelling was measured in mice treated with MAY-10-hIgG1 or MAY-10-hIgG1-N297Q (mean and SD of two
experiments; n = 10, two-way ANOVA with Tukey’s post-test). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. See also Figure S4.
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Figure 6. Protection by non-neutralizing mAbs depends on monocytes
(A) Four-week-old C57BL6/J mice were treated with 100 mg of anti-Ifnar1 mAb and 100 mg of MAY-10, MAY-108, or isotype control mAb 1 day before infection
with MAYV-BeH407. Indicated mice also were treated with 25 mg of an anti-CCR2 mAb at 1 day before infection and every other day after (two experiments,
n = 10; log-rank test with Bonferroni correction).
(B) NK cells were depleted by treating mice with 200 mg mAb of anti-NK1.1 mAb 1 day before infection and every other day after. Mice were treated with anti-Ifnar1
mAb and MAY-10, MAY-108, or isotype control mAb as above (two experiments, n = 10; log-rank test with Bonferroni correction).
(C–J) Antibody-mediated binding of hIgG1 variants of MAYV to BV2-Db4galt7 (C, D, G, and H) or LADMAC (E, F, I, and J) cells. Virus binding to cells was measured
indirectly by the depletion of MAYV from supernatants (C–F) or by direct binding and/or internalization of target cells (G–J). For measuring supernatants, MAYV
was incubated with the indicated amount of hIgG1 variants of MAY-10 (C and E) or MAY-108 (D and F) for 1 h at 37 C before adding to the indicated cell for 30 min
at 37 C. Viral RNA from supernatants was measured. Isotype-matched antibodies and hIgG1-N297Q mAb variants served as negative controls. To measure virus
binding and internalization, BV2-Db4galt7 or LADMAC cells were inoculated with MAYV that had been pre-incubated with MAY-10 (G and I) or MAY-108 (H and J).
After incubating for 30 min at 37 C, cells were washed with PBS and lysed, and viral RNA was measured.

(legend continued on next page)
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control mAb. Viral clearance from the supernatant occurred dose
dependently and required Fc effector functions, as it was not
observed with the aglycosyl hIgG1-N297Q variants of MAY-10
and MAY-108. We observed similar results with the mouse
IgG2c versions of both MAY-10 and MAY-108 (Figures S7A–
S7D). These data suggest that the Fc region of anti-MAYV
mAbs promotes clearance of MAYV virions from the inoculum,
presumably by binding FcgR on the myeloid cells.
To test this hypothesis directly, we performed cell binding and
internalization assays (Figures 6G–6J, S6, and S8). MAYV was
incubated with MAY-10, MAY-108, or isotype control mAb for
30 min at 37 C. Antibody-virion complexes then were added to
BV2-Db4galt7 or LADMAC cells and incubated for 1 h at 37 C.
Cells then were rinsed thoroughly with PBS and lysed, and
attached and/or internalized viral RNA was measured by qRTPCR. Pre-treatment of MAYV with MAY-10 and MAY-108 significantly increased the level of cell-associated viral RNA compared
to the isotype control mAb. Antibody-dependent binding and/or
internalization of MAYV virions by BV2-Db4galt7 or LADMAC
cells occurred dose dependently and required a functional Fc region, as no increase was observed with the aglycosyl N297Q variants of MAY-10 and MAY-108. For the highest concentrations of
MAY-10 and MAY-108, we observed a >100-fold increase in
cell-associated viral RNA compared to the isotype control
mAb. Similar data were observed using mouse IgG2c versions
of MAYV antibodies (Figures S7E–S7H). Treatment of
BV2-Db4galt7 or LADMAC cells at 1 h after 37 C incubation
with proteinase K and RNase A, to remove bound but not internalized virus, revealed that a significant fraction of opsonized
MAYV transited into the cells (Figure S8). Collectively, these
data suggest that antibody-dependent binding to MAYV in
myeloid cells was dependent on Fc-FcgR interactions, resulted
in enhanced cell binding and uptake, and was not due to virion
cross-linking and aggregation, as seen for some anti-alphavirus
antibodies (Zhou et al., 2020).
We next evaluated if MAYV association with target FcgR-expressing myeloid cells resulted in abortive or productive (and
possibly even antibody enhanced) infection. We used both
permissive WT BV2 (Figures 6K and 6L) and non-permissive
BV2-Db4galt7 (Figures 6M and 6N) cells to track viral infection
in the presence and absence of non-neutralizing mAbs. MAYV
was incubated with serial dilutions of MAY-10 (Figures 6K and
6M) or MAY-108 (Figures 6L and 6N) to form antibody-antigen
complexes. These complexes were added to target cells for a
1-h incubation at 37 C, and the cells then were rinsed to remove
unbound virus. The cells were lysed either immediately after
rinsing (1 h post-infection [hpi]) or after another 7 h-incubation
at 37 C (8 hpi), and cell-associated viral RNA was measured
by qRT-PCR. As expected, we observed an initial increase in
cell-associated viral RNA at 1 hpi when the virions were pretreated with the mIgG2c but not N297Q forms of MAY-10 and
MAY-108. For the WT BV2 cells (Figures 6K and 6L), we
observed a 10,000-fold increase in viral RNA at 8 hpi compared

Article
to 1 hpi with the isotype-mAb-treated virions, which indicates
that MAYV replicated in the BV2 cells. However, there was no difference in viral RNA levels at 8 hpi between anti-MAYV and isotype mAb treatments, indicating that the greater level of virus
binding and internalization at 1 hpi caused by non-neutralizing
mAbs MAY-10 and MAY-108 did not result in enhanced infection
in WT BV2 cells. To determine if mAb-induced virion binding and
internalization caused enhancement of infection of non-permissive myeloid cells (as seen with dengue virus [Brandt et al.,
1982; Halstead et al., 1980]), we repeated experiments in the
non-permissive BV2-Db4galt cells (Figures 6M and 6N). We
observed the expected increase in cell-associated viral RNA at
1 hpi, and clearance was observed at 8 hpi with no evidence of
productive infection. We observed similar results by using
mIgG2c versions of the anti-MAYV mAbs (Figures S7I–S7L). To
determine if BV2 cells are even capable of antibody-dependent
enhancement (ADE), we repeated the experiments with Zika virus (ZIKV), a flavivirus whose infection is enhanced in myeloid
cells by cross-reactive, non-neutralizing antibodies (Castanha
et al., 2017; Dejnirattisai et al., 2016). We incubated a mouseadapted ZIKV virus (Gorman et al., 2018) with serial dilutions of
the mAb E60, a poorly neutralizing mAb that binds the conserved
fusion loop of the flavivirus E protein (Oliphant et al., 2006).
Despite not observing ADE with MAYV, we observed robust
ADE with ZIKV and the E60 mAb in BV2 and LADMAC cells
(Figures S7M–S7O), suggesting the outcome of antibody
engagement in cells expressing FcgRs is virus specific. In the
case of MAYV, non-neutralizing mAbs facilitate the interaction
of virions with myeloid cells that results in abortive infection
and clearance.
DISCUSSION
Previous studies have analyzed the importance of neutralizing
antibody responses in protecting against alphavirus infection.
These studies highlighted both the effects of virus neutralizing
activity (Earnest et al., 2019; Fox et al., 2015; Jin et al., 2015,
2018; Martins et al., 2019; Pal et al., 2013) and Fc effector functions (Earnest et al., 2019; Fox et al., 2019) for optimal in vivo activity. However, they could not fully gauge the protective activity
of Fc effector functions because the antibodies were inherently
neutralizing. Here, we identified a panel of 13 anti-MAYV mAbs
that bind avidly to virions and infected cells yet exhibit no detectable neutralizing activity against the virus in Vero and C2C12
cells. Passive transfer of non-neutralizing mAbs conferred significant protection in vivo that was completely dependent on Fc
effector interactions, as determined using IgG subclass switch
variants and N297Q variants lacking the ability to engage FcgRs.
The mIgG2c mAbs that we characterized exhibited a range of
protective ability in the lethal MAYV challenge model. The reasons for these differences may be due to several factors. We
observed variable binding to MAYV virions in a capture ELISA
experiment and to recombinant E2 protein by using ELISA and

(K–N) Antibody-dependent infection assays. Serial dilutions of hIgG1 mAbs were pre-incubated with MAYV before being added to permissive BV2 cells (K and L)
or non-permissive BV2-Db4galt7 cells (M and N). Binding and internalization into cells was measured as above (G–H) at 1 or 8 hpi after removal of unbound virus
(mean and SD of three experiments performed in triplicate; one-way ANOVA with Dunnett’s post-test compared to the isotype mAb control). *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001. See also Figures S5–S8.
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BLI experiments. The mAbs that bound most avidly to virions and
recombinant E2 proteins showed the greatest protective activity
in vivo. Indeed, MAY-10 and MAY-108, our most protective
mAbs, had KD values that were 100-fold lower and had substantially longer binding t1/2 than many poorly protecting mAbs. A
higher level of virus binding likely enhances the Fc-dependent
clearance by myeloid cells. Furthermore, the most protective
mAbs map to two epitopes within or proximal to the A domain,
as follows: one near the amino terminus on the top of the spike
trimeric complex (group B), and a second in the b-ribbon region
on the outer face of the E2-E1 spike (group E). Possibly, the
mAbs binding these regions of the E2 protein are more accessible for engagement by FcgRs on monocytes, enabling virus
clearance and protection. The orientation of mAb binding to
the virion also could affect presentation of the Fc region to
FcgRs, as was seen with anti-dengue virus mAbs (Renner
et al., 2018).
Our non-neutralizing antibodies bound to six distinct regions
of the MAYV E2 A domain and the b-ribbon region between the
A and B domains. In comparison, other mAbs against arthitogenic alphavirues (e.g., CHIKV) that map to epitopes within
the A domain can be potently neutralizing. The anti-CHIKV human mAbs 1H12 and 3N23 are potently inhibitory in cell culture
and yet share interaction residues with group B and C mAbs
from our panel (Smith et al., 2015). Similarly, the highly neutralizing anti-CHIKV mAbs 4J21 and 5M16 (Long et al., 2015) bind
amino acids shared by group B and F mAbs as well as others
throughout the A and B domains. The distinguishing feature of
these neutralizing mAbs is their ability to bind residues within
multiple E2 domains (e.g., A and B) or across different E2 proteins, whereas the majority of the non-neutralizing mAbs
appear to recognize linear determinants. Engagement of tertiary and quaternary epitopes within and across E2 may be
required for alphavirus neutralization. Indeed, structural studies
have demonstrated cross-linking of multiple distinct domains in
E2 by potently neutralizing mAbs (Fox et al., 2015; Powell et al.,
2020).
We found that monocytes were necessary for antibodyeffector-mediated protection from MAYV infection. Our
in vitro studies suggest a possible mechanistic basis for at
least part of the inhibitory activity. Non-neutralizing antiMAYV mAbs bind virus and facilitate clearance by Fc-dependent internalization and destruction in myeloid cells. This
abortive infection mechanism explains how non-neutralizing
mAbs could prevent dissemination from the site of inoculation
but might not explain how antibodies effectively clear MAYVinfected cells. Additionally, monocytes might clear virus from
infected cells by ADCP (Bournazos et al., 2015; Lu et al.,
2018) because the viral E1 and E2 structural proteins are displayed on the plasma membrane surface prior to virion
morphogenesis and budding and can be recognized by antibodies. Alternatively, the enhanced entry of virus into myeloid
cells in an antibody- and Fc-dependent manner could promote
antigen cross-presentation and accelerated CD8+-T-cellmediated clearance (Bournazos et al., 2020a; Platzer et al.,
2014). ADCC by NK cells did not appear to have a dominant
role in protection by non-neutralizing mAbs, as depletion did
not impact survival.
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Under certain circumstances, monocytes themselves can be
infected by alphaviruses (Her et al., 2010; Winkler et al., 2020),
which may be a potential mechanism for viral dissemination.
Our studies indicate that the enhanced virus binding and internalization of MAYV facilitated by non-neutralizing mAbs in
myeloid cell lines does not result in enhanced infection in vitro
or in vivo. This result contrasts with flaviviruses for which nonor poorly neutralizing antibodies can promote infection of
FcgR-expressing myeloid cells through ADE (Bournazos et al.,
2020b; Halstead et al., 2010; Rey et al., 2018), which is believed
to result in severe disease during secondary dengue infection
(Halstead, 1988). In comparison, ADE and pathogenic antibodies
that enhance myeloid cell infections are not believed to
contribute to alphavirus pathogenesis, although one study reported higher viremia and worse arthritis in mice in the setting
of passive transfer of an anti-CHIKV mAb (Lum et al., 2018).
Clearly, studies that examine the effects of in vivo passive transfer of antibodies with no, weak, or potently neutralizing activity
with multiple alphaviruses are needed to establish the generalizability of our findings.
Antibody-dependent protection against alphaviruses is facilitated by two main functions, as follows: Fab-mediated virus
neutralization and Fc-dependent effector functions. Data from
this study and others (Earnest et al., 2019; Fox et al., 2015; Jin
and Simmons, 2019; Pal et al., 2013) suggest that neutralization
and Fc effector functions can control alphavirus infections
through a range of mechanisms. Analyzing the polyclonal antibody response to infection by MAYV or other alphaviruses in
the context of natural infection or immunization (Choi et al.,
2019; Weise et al., 2014) to determine the relative amounts of
neutralizing and non-neutralizing antibodies may provide insight
as to which functions ultimately are most important for controlling infection.
The efficacy of a protective antibody response to alphavirus
infection is determined by the location of antibody binding on
intact virions and structural proteins displayed on the surface
of infected cells, the inherent neutralizing ability and mechanism
(blockade of attachment, entry, fusion, or egress), and likely the
accessibility of the Fc region of antibodies to engage FcgR and
mediate effector functions. Because accelerated virus clearance might mitigate the development of chronic musculoskeletal disease, designing vaccines and analyzing antibody
responses in the context of effector function responses may
be important. Although many neutralizing anti-alphavirus
mAbs have been described that bind the A and B domain of
E2, our study shows that non-neutralizing mAbs recognizing
epitopes within or near the A domain also can prevent or clear
virus from infected hosts by optimal effector functions. The six
epitopes we identified are also highly conserved across the 73
complete MAYV genomes annotated in public databases.
Amino acid interaction residues from mAbs in groups A, D,
and F are entirely conserved, whereas there are a small number
of single amino acid substitutions in binding residues from
mAbs in group B (9/73 strains with amino acid substitution at
T55), C (2/73 strains with amino acid substitution at D74), or E
(1/73 strains with amino acid substitution at A161). Further analysis of human antibody responses to natural infections, in both
patients who have cleared virus and those with persistent
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disease, may provide insight into the contribution of Fc effector
functions to protection and disease pathogenesis.
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Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Michael S.
Diamond (diamond@wusm.wustl.edu).
Materials availability
All requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact author. This includes mice,
antibodies, viruses, and proteins. All reagents will be made available on request after completion of a Materials Transfer Agreement.
Data and code availability
All data supporting the findings of this study are available within the paper and are available from the corresponding author upon
request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cell lines
Vero, HEK293T, and C2C12 cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 100 U/ml of penicillin, 100 mg/ml of streptomycin, 1X MEM non-essential amino acids, 1 mM sodium pyruvate, 2 mM
L-Glutamine and 10 mM HEPES pH 7.3. Hybridomas were cultured in Isocove’s modified Eagle medium (IMDM) supplemented with
20% FBS, 100 U/ml of penicillin, 100 mg/ml of streptomycin, and 1 mM sodium pyruvate. Expi293 cells were maintained in Expi293
medium (GIBCO). BV2-Db4galt7 cells were produced previously (Ma et al., 2020). BV2, BV2-Db4galt7, and LADMAC cells were maintained in DMEM supplemented with 5% FBS, 100 U/ml of penicillin, 100 mg/ml of streptomycin, 1X MEM non-essential amino acids,
and 10 mM HEPES pH 7.3.
Viruses
MAYV (strain BeH407) was obtained from the World Reference Center for Emerging Viruses and Arboviruses (K. Plante, and S.
Weaver, University of Texas Medical Branch) and passaged in Vero cells from lyophilized stocks. Recombinant viruses were produced after linearization of a prS2 vector containing cDNA from MAYV (strain CH) (Weise et al., 2014) that was provided by S. Weaver
(University of Texas Medical Branch). After in vitro transcription with mMESSAGE mMACHINE SP6 transcription kit (Invitrogen) and
transfection into BHK-21 cells, p0 virus stocks were harvested and passaged once (p1) in Vero cells. Virus titers were determined by
focus forming assay (Fox et al., 2015). Mouse adapted Zika-Dakar virus (Gorman et al., 2018) was propagated in Vero cells.
Mouse experiments
All animal experiments and procedures were carried out in accordance with the recommendations in the Guide for the Care and Use
of Laboratory Animals of the National Institutes of Health. The protocols were approved by the Institutional Animal Care and Use
Committee at the Washington University School of Medicine (Assurance number A3381-01). Injections were performed under anesthesia that was induced and maintained with ketamine hydrochloride and xylazine, and all efforts were made to minimize animal
suffering.
WT C57BL/6J male mice were purchased from Jackson Laboratories. Common g-chain deficient (FcRg/) C57BL/6 mice were obtained commercially (Taconic), backcrossed using speed congenics to C57BL/6J mice, and bred at the Washington University School
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of Medicine Animal Facility. FcRg/ experiments were performed with both male and female mice. Unless otherwise indicated, fourweek-old mice were used in all experiments. Anti-MAYV mAbs were administered by intraperitoneal injection at specified times before
or after inoculation in the left footpad with 103 FFU of MAYV in Hank’s Balanced Salt Solution (HBSS) supplemented with 1% heat-inactivated FBS. Foot swelling was monitored via measurements (width x height) using digital calipers. Tissues were harvested after
perfusion with 40 mL of PBS and titered by qRT-PCR using RNA isolated from viral stocks as a standard curve to determine FFU equivalents. For lethal challenge experiments, mice were administered via intraperitoneal injection a single 100 mg dose of anti-Ifnar1 mAb
MAR1-5A3 (Sheehan et al., 2006) (BioXCell) one day before infection. Monocyte depletion experiments were performed by administering 25 mg of anti-CCR2 (clone MC-21) at day 1 and every other day subsequently. NK cell depletion experiments were performed
by administering 200 mg of NK1.1 (BioXCell clone PK136) at day 1, and every other day subsequently.
METHOD DETAILS
Protein expression and purification
The MAYV (strain TRVL4675) E2 ectodomain (residues 1-340) was cloned into the pET21a expression vector and expressed in BL21
(DE3) E. coli cells. Protein production was induced using 1 mM isopropyl b-d-1-thiogalactopyranoside (IPTG), where E2 partitioned
into the inclusion body fraction and was refolded using an oxidative refolding protocol (Nelson et al., 2014). Briefly, 10 mL of solubilized inclusion body was injected at 1ml/h into a 1 l volume of arginine refolding buffer (400 mM L-arginine, 100 mM Tris [pH 8.5], 5 mM
reduced glutathione, 0.5 mM oxidized glutathione, and 0.2 mM PMSF), and then allowed to stir slowly overnight at 4 C. The refolded
protein was filtered, concentrated using a 30 kDa cutoff stirred cell concentrator (EMD Millipore), and purified by HiLoad 16/600
Superdex 75 size exclusion chromatography (GE Healthcare).
mAb generation
Ten week-old female C57BL/6J mice were inoculated with 103 FFU of MAYV-CH. Mice were boosted with 100 mg of recombinant
MAYV E2 protein mixed 1:1 with Freund’s Incomplete adjuvant at 14, 28, and 42 days after initial infection. Spleens were harvested
at 45 dpi and fused with P3X63 Ag.8.6.5.3 mouse myeloma cells as described previously (Pal et al., 2013). Hybridoma supernatants
were screened for antibodies that bound to recombinant MAYV E2 in an ELISA and/or to MAYV (strain BeH407)-infected cells by flow
cytometry. Neat hybridoma supernatants were screened for neutralization of MAYV-CH using a FRNT (described below). Selected
mAbs were isotyped by ELISA and purified by protein A affinity chromatography (Thermo).
ELISA
For the virion capture ELISA, a humanized mAb specific for MAYV (MAY-134) (Earnest et al., 2019) was adsorbed to Maxisorp Immunocapture ELISA plates (Thermo) in a sodium bicarbonate buffer pH 9.3 overnight at 4 C. Wells were washed with PBS and
blocked with blocking buffer (PBS + 5% BSA [Sigma]) for 1 h at 37 C. Blocking buffer was removed and replaced with 103 FFU/
well of MAYV-BeH407 diluted in blocking buffer and incubated at 37 C for 1 h. Unbound virus was washed away with PBS and serial
dilutions of anti-MAYV mAbs, diluted in blocking buffer, were added to the wells and incubated for 1 h at 4 C. Unbound mAb was
washed away with PBS, and wells were incubated with an HRP conjugated goat anti-mouse Fc antibody for 1 h at 4 C. Plates
were washed and developed with TMB one-step substrate (Thermo) for 10 minutes. The reaction was stopped with 1 N H2SO4,
and absorbance was measured at 450 nm. For the mAb competition binding ELISA, virus was captured to plates as above and incubated with 10 mg/ml of the indicated primary mAbs. Unbound mAbs were rinsed away, and wells were incubated with 10 ng/ml of the
secondary mAbs labeled with NHS-Biotin (Thermo). After washing, biotinylated mAbs were detected using a streptavidin-HRP secondary (Vector Laboratories). For the E2 protein ELISA, 50 ng/well of bacterially produced recombinant MAYV E2 ectodomain was
adsorbed to plates as above. Plates were washed with ELISA wash buffer (PBS + 0.05% Tween 20) and incubated with serial dilutions
of anti-MAYV mAbs diluted in blocking buffer. MAbs were detected using secondary reagents and OD was measured as described
above.
Focus reduction neutralization tests (FRNT)
Anti-MAYV mAbs were diluted serially and incubated with 102 FFU of MAYV-BeH407 for 1 h at 37 C in triplicate wells. Virus-mAb
mixtures were incubated on Vero or C2C12 cells for 60 min at 37 C before being overlaid with 1% methylcellulose in minimal essential
medium (MEM) supplemented with 10 mM HEPES pH 7.3, 100 U/ml of penicillin, 100 mg/ml of streptomycin, 2 mM L-glutamine, and
2% FBS. Eighteen hours after virus inoculation, cells were fixed with 1% paraformaldehyde (PFA) in PBS. Cells then were washed and
overlaid with 1 mg/ml of biotinylated MAY-118 (Earnest et al., 2019) for 2 h. Cells were washed and overlaid with streptavidin-HRP for
1 h. Foci of infection were detected using TrueBlue substrate (KPL) and counted using a Biospot plate reader (Cellular Technology).
Wells containing virus incubated with mAbs were compared to wells treated with virus containing no mAb.
Western blotting
Recombinant MAYV-E2 protein was mixed with LDS buffer (Life Technologies) in the presence (reducing) or absence (nonreducing) of 20 mM dithiothreitol. After heating at 70 C for 10 min, samples were electrophoresed using a 4%–12% Bis-Tris gel
(Life Technologies). Proteins were transferred to nitrocellulose membranes using an iBlot2 Dry Blotting System (Life Technologies).
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Membranes were blocked with 5% BSA, cut into strips, and probed with the indicated mAbs. Unbound mAb was rinsed away, and
the mAbs were detected with an anti-mouse HRP-conjugated secondary antibody (Vector Laboratories). Blots were developed using
SuperSignal West Pico Chemiluminescent Substrate (Life Technologies).
Biolayer interferometry
The binding affinity of purified recombinant MAYV E2 ectodomain protein to MAYV mAbs was evaluated at 25 C using an OctetRed96 device (Pall ForteBio). 100 mg of each mAb was mixed with biotin (EZ-Link-NHS-PEG4-Biotin, Thermo Fisher) at a molar ratio
of 20:1 biotin:protein and incubated at room temperature for 30 min. The unreacted biotin was removed by passage through a desalting column (5 mL Zeba Spin 7 kDa molecular weight cut-off, Thermo Fisher). The biotinylated-mAbs were loaded onto streptavidin
biosensor pins (ForteBio) until saturation, typically 10 mg/ml for 2 min, in 10 mM HEPES (pH 7.4), 150 mM NaCl, 3 mM EDTA, 0.005%
P20 surfactant, and 1% BSA. The pins were equilibrated in binding buffer alone before being plunged into wells containing various
concentrations of MAYV E2, then being placed back into binding buffer to allow for dissociation. Real-time data were analyzed using
BIAevaluation 3.1 (GE Healthcare). Kinetic profiles and steady-state equilibrium concentration curves were fitted using a global 1:1
binding algorithm with drifting baseline.
Alanine scanning mutagenesis
A pcDNA3.1(+) plasmid expressing a codon-optimized MAYV (strain TRVL4675) structural polyprotein (C, E3, E2, 6K, and E1 genes) was
synthesized and mutated by GenScript. Alanine scanning mutagenesis was performed on amino acids in the A domain of the E2 protein
(residues 1-173) that were predicted to be solvent exposed. Plasmids were transfected into HEK293T cells using Lipofectamine 3000
(Thermo Fisher). Eighteen hours later, cells were chilled to 4 C, washed with PBS, and incubated with anti-MAYV mAbs (10 mg/ml) in
PBS with 2% FBS for 1 h at 4 C. An oligoclonal mixture of the 13 mAbs as well as an anti-B domain mAb (MAY-117) was used as a control
for mutant E2 protein expression. Anti-MAYV mAb binding was detected using Alexa Fluor 647 conjugated goat anti-mouse IgG (Thermo
Fisher) diluted 1:1000. After 1 h, cells were washed, fixed with 1% PFA in PBS, and analyzed by flow cytometry using a MACSQuant
Analyzer (Miltenyi Biotec). Using previously described criteria (Smith et al., 2015), critical residues were defined as those with % 25%
binding to an individual mAb but R 75% binding to an oligoclonal pool of anti-MAYV mAbs as determined by flow cytometry.
Isotype switching of mAbs
MAY-10 and MAY-108 variable regions were sequenced and cloned using previously described methods (Ho et al., 2016). Total RNA
was isolated from hybridomas and cDNA was produced using random hexamers and Oligod(T)20 using a SuperScript IV First Strand
Synthesis kit (Invitrogen). Heavy and light chain variable regions were amplified and sequenced using mouse-specific primer sets (Ho
et al., 2016). Allele-specific primers were used to amplify variable regions and append Gibson assembly sequences to the 50 and 30
ends. The variable regions then were cloned into plasmids containing the constant regions of human IgG1 (pAbVec-hIgG1) or mouse
IgG1 (pAbVec-mIgG1) or the appropriate kappa chain (pAbVec-hIgKappa or pAbVec-mIgKappa) using NEBuilder (New England Biolabs). The human IgG1-N297Q vector was produced by site directed mutagenesis of the human IgG1 vector using a Phusion site
directed mutagenesis kit. Antibodies were produced by co-transfecting Expi293 cells with an appropriate heavy and kappa chain
plasmid using Hype5 transfection reagent (Oz Biosciences). Four days after transfection, supernatant was collected and mAbs
were purified on a Pierce protein A agarose column (Thermo).
Cytokine analysis
Ankle homogenates were incubated with Triton X-100 (1% final concentration) for 1 h at room temperature to inactivate MAYV. Homogenates then were analyzed for cytokines and chemokines by Eve Technologies Corporation (Calgary, AB, Canada) using their
Mouse Cytokine Array/Chemokine Array 31-Plex platform.
Flow cytometry
For cell depletion experiments, whole blood was harvested from mice and mixed with 5 mM EDTA (Corning). Red blood cells were
lysed with ACK lysis buffer at room temperature before being washed and chilled in PBS + 5% FCS. Monocytes were stained with
CD45 BUV395 (BD Biosciences clone 30-F11), CD11b PerCP-Cy5.5 (BioLegend clone M1/70), Ly6B FITC (Abcam clone 7/4), Ly6G
PE-Cy7 (BioLegend clone 6D5), Ly6C Pacific Blue (BioLegend clone HK1.4) and MHC class II A700 (BioLegend clone M5/114.15.2).
NK cells were stained with CD45 BUV95, CD3 APC-Cy-7 (BioLegend clone 145-2C11), CD19 BV605 (BioLegend clone 6D5), and
NK1.1 Pe-Cy7 (BioLegend clone PK136). Viability was determined through exclusion of a fixable viability dye (e506;eBiosciences).
Samples were fixed and processed on a BD-Fortessa X20. For FcgR expression experiments BV2, LADMAC, and Vero cells were
stained with one of the following: CD64 APC (BioLegend clone X54-5/7.1), CD32b APC (Invitrogen clone AT130-2), CD16 FITC (BioLegend clone 221-3A4), CD16.2 APC (BioLegend clone 9E9). Cells were analyzed on a MACSQuant analyzer (Miltenyi). All FACS data
were analyzed by FlowJo v. 10.7.
Antibody-induced depletion of MAYV from cell supernatants
MAYV was treated with 100 mg/ml of RNase A (Thermo #EN0531) for 30 min at 37 C to degrade unencapsidated RNA. RNase was
inactivated by incubating samples with 100 U of RiboLock RNase inhibitor (Thermo #E00381) at 37 C for 15 minutes. 103 FFU of
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RNase-treated virus was incubated with serial dilutions of the indicated mAb for 30 min at 37 C. Virus-mAb complexes were placed
on cells and incubated for 30 min at 37 C. The virus inoculum then was removed and viral RNA was isolated using a MagMax Viral
Isolation Kit (Applied Biosystems). MAYV RNA was quantified using a Taqman RNA-to-Ct 1-step kit (Thermo Fisher) and a 50 UTR and
nsp1 specific primer/probe set (Waggoner et al., 2018) along with a standard curve of MAYV stock virus.
Antibody-induced virus binding/internalization assay
Target cells were counted, and the indicated mAbs were incubated for 30 min at 37 C with MAYV at a multiplicity of infection (MOI) of
10. Virus-antibody complexes were added to cells and incubated at 37 C for 1 h. Cells were washed six times with ice cold PBS and
lysed in RLT buffer (QIAGEN). Viral RNA was isolated using a MagMax Viral Isolation Kit. MAYV RNA and GAPDH RNA was quantified
using a Taqman RNA-to-Ct 1-step kit with either anti-MAYV primers or anti-mouse Gapdh primer/probe. Data are expressed as
amount of MAYV RNA relative to GAPDH RNA. For internalization assays, the same protocol was followed, but after rinsing monolayers after 1 h incubation at 37 C, cells were treated with 100 mg/ml of proteinase K (Invitrogen) for 15 min at 37 C. Proteinase K was
rinsed away, and cells were treated with 100 mg/ml of RNase A for 30 min at 37 C. Cells were lysed, and viral RNA was detected from
cellular lysates as described above.
Antibody dependent enhancement assays
For MAYV, target cells were counted and the indicated mAbs were incubated for 30 min at 37 C with MAYV at a MOI of 10. Virusantibody complexes were added to cells and incubated at 37 C for 1 h. Unabsorbed virus was removed by washing cells 6X with
37 C DMEM. Cells were incubated at 37 C in DMEM + 2% FBS for 7 additional hours. Cells were lysed and viral RNA was quantified
as described above.
For ZIKV, target cells were counted and either MAY-10 or the cross-reactive anti-E mAb E60 (Oliphant et al., 2006) were pre-incubated with ZIKV for 30 min at 37 C. Virus-antibody complexes were added to the cells at an MOI of 50 and incubated at 37 C for 2 h.
Unabsorbed virus was removed by rinsing cells six times with DMEM. Cells were incubated at 37 C in DMEM + 2% FBS for 16 h. Cells
were lysed and viral RNA was quantified using a published primer/probe set (White et al., 2018).
MAYV E2-E1 structure depiction
Structural figures were created using UCSF ChimeraX (Goddard et al., 2018). The predicted structure of the MAYV E2-E1 monomer
was generated as previously described (Earnest et al., 2019). To depict the envelope proteins as a trimeric spike, the predicted monomers were superimposed onto the model of the CHIKV E2-E1 spike (PDB: 6NK5) using the matchmaker command in UCSF ChimeraX
(Goddard et al., 2018).
QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical significance was assigned with P values < 0.05 using GraphPad Prism version 7.0. The specific test for each dataset is indicated in respective figure legends and was selected based on the number of comparison groups and variance of the data. For foot
swelling analysis, significance was determined by a two-way ANOVA with Tukey’s post-test (more than two groups) or Sidak’s posttest (between two groups). Viral burden data were analyzed by a one-way ANOVA with a Dunnett’s post-test. Survival curve analysis
was analyzed by the log rank test. A Bonferroni correction was used depending on the number of comparison groups.
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Figure S1. ELISA and BLI analysis of mAb binding to MAYV E2, related to Table 1. (A) Maximal ELISA OD
values for anti-MAYV mAbs binding to MAYV (strain BeH407) captured by a human antibody specific to MAYV.
10 µg/ml of the indicated mAb was added to the captured MAYV. After unbound mAb was rinsed away, bound
mAb was detected with an anti-mouse HRP secondary antibody. Data are the average of two experiments performed
in triplicate. (B) Western blot analysis with indicated anti-MAYV mAb binding to recombinant E2 protein under
non-reducing and reducing conditions. MAY-117 is an example of a mAb (neutralizing, B domain) that binds a
conformationally-sensitive epitope. Anti-WNV mAb E60 is a negative isotype control mAb. (C) BLI analysis of
anti-MAYV mAb binding to recombinant E2 protein. Biotinylated mAbs were bound to streptavidin pins and
plunged into wells containing 500, 100, 20, 4 or 0 µg/ml recombinant E2 proteins. Binding of E2 to the mAbs was
measured before the pins were moved to a protein free solution for disassociation. Data are representative of two
experiments.

Figure S2. Epitope mapping of anti-MAYV mAbs, related to Fig 2 and Table S1. (A-F) 293T cells were
transfected with a C-E3-E2-6K-E1 plasmid containing alanine mutations in the A domain of E2. Binding of the
indicated mAbs were measured by flow cytometry; the full data set is shown in Table S1. Critical residues were
defined as those with <25% binding (dotted line) to an individual mAb but >75% binding to an oligoclonal pool of
anti-MAYV mAbs. Data are from two experiments. (a, P < 0.05; b, P < 0.01; c, P < 0.001; d, P < 0.0001 compared
to oligoclonal control, two-way ANOVA with Sidak’s post-test).

Figure S3. Competition binding between MAY-134 and MAY-10 and MAY-108, related to Fig 3. The antiMAYV E2 B domain mAb MAY-134 was competed with MAY-10 or MAY-108 for binding to MAYV strain
BeH407 by ELISA. Virus was captured using a human anti-MAYV mAb and incubated with 10 µg/ml of the
indicated mAb (First Antibody). Unbound mAb was rinsed away, and antibody-virus complexes were incubated
with 10 ng/ml of the indicated mAb labeled with biotin (Second Antibody). After a short incubation, unbound
biotinylated mAb was rinsed away, and binding was detected using streptavidin HRP. Data are the average of two
experiments performed in triplicate.

Figure S4. Cytokine levels in ipsilateral ankle of infected mice treated with MAY-10-hIgG1 or MAY-10hIgG1-N297Q, related to Fig 5. Four-week-old C57BL/6J mice were treated with 100 µg of MAY-10-hIgG1,
MAY-10-hIgG1-N297Q, or an isotype control mAb one day before subcutaneous infection with 103 FFU MAYV.
At 7 dpi, mice were sacrificed and ipsilateral ankles were harvested. These tissues were homogenized and analyzed
for expression of the indicated cytokines. Data are pooled from three experiments (n = 11, one-way ANOVA with
Dunnett’s post-test: *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001).

Figure S5. Flow cytometry analysis of monocyte and NK cell depletion, related to Fig 6. Four-week old female
anti-Ifnar1 mAb-treated C57BL/6 mice were administered an isotype control mAb, 25 µg/mouse of ant-CCR2 (A),
or 200 µg of anti-NK1.1 (B) one day before infection with 103 FFU of MAYV. Mice again were treated with the
indicated antibody at 1, 3, and 5 dpi. At 7 dpi, whole blood was collected and analyzed by flow cytometry.
Monocytes were defined as CD45+, Ly6b+ CD11b+ double-positive, Ly6G-, and Ly6Chi cells. NK cells were defined
as CD45+, CD3-, NK1.1+ cells.

Figure S6. FcgR expression on BV2 and LADMAC cells, related to Fig 6. FcgR expression in BV2, BV2b4galt7, and LADMAC cell lines. The indicated cells were incubated with fluorescently-labeled mAbs specific for
FcgRI, FcgRIIb, FcgRIII, or FcgRIV. Vero cells were used as a negative control. Data are representative of two
independent experiments.

Figure S7. Antibody mediated binding and enhancement assays, related to Fig 6. A-H. Antibody-mediated
binding of MAYV to BV2-b4galt7 (A, B, E, and F) or LADMAC (C, D, G, and H) cells. Virus binding to cells
was measured indirectly via the depletion of MAYV from supernatants (A-D) or by direct binding and
internalization of target cells (E-H). For measuring supernatants, 103 FFU of MAYV was incubated with the
indicated amount of IgG2c versions of MAY-10 (A and C) or MAY-108 (B and D) for 1 h at 37oC before adding to
the indicated cell for 30 min at 37oC when supernatants were collected. Viral RNA from supernatants was measured
by qRT-PCR. To measure virus binding and internalization, BV2-b4galt7 or LADMAC cells were inoculated with
MAYV that had been pre-incubated with IgG2c versions of MAY-10 (E and G) or MAY-108 (F and H). After 30
min at 37oC, cells were washed with PBS, lysed, and viral RNA was measured using qRT-PCR. I-L. Antibodydependent infection assays. Serial dilutions of mAbs were pre-incubated with MAYV before adding to permissive
BV2 cells (I and J) or non-permissive BV2-b4galt7 cells (K and L). Binding and internalization into cells was
measured as above (E-H) at 1 or 8 hpi after removal of unbound virus. Data are the mean and SD of three

independent experiments performed in triplicate (one-way ANOVA with Dunnett’s post-test compared to the
isotype mAb control). M-O ADE of ZIKV infection in BV2 (M), BV2-b4galt7 (N), and LADMAC (O) cell lines.
ZIKV was incubated with the indicated concentration of MAY-10 or the anti-flavivirus mAb E60 for 30 min at
37oC. Antibody-virus complexes were incubated on the indicated cells for 2 h at 37oC at an MOI of 50. Unabsorbed
virus was rinsed away, and cells were incubated for 16 h at 37oC. Cells were lysed and viral RNA levels were
determined by qRT-PCR. Data are displayed relative to a GAPDH control. The dashed line represents the limit of
detection of the assay (*, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001, two-way ANOVA with Sidak’s
post-test).

Figure S8. Proteinase K treatment of cell-associated virions, related to Fig 6. The indicated cell lines were
incubated with antibody-virus complexes as described in Figure 6 and S4. After rinsing way unbound virus, the
cells were incubated with 100 µg/ml of proteinase K to remove any virions not internalized in the cells. Proteinase K
was rinsed away, unencapsidated viral RNA was removed with RNAse A treatment, and cells were lysed.
Internalized viral RNA was detected as described in Figures 6 and S4. Data are the mean and SD of three
independent experiments performed in triplicate (two-way ANOVA with Sidak’s post-test). In this Figure: *, P <
0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

